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We determine the thermal conductivities of o, B, and y graphyne nanotubes (GNTs) as well as of carbon
nanotubes (CNTs) using molecular dynamics simulations and the Green-Kubo relationship over the
temperature range 50—400 K. We find that GNTs demonstrate considerably lower thermal conductivity
than CNTs with the same diameter and length. Among a, 8, and y-GNTs, y-GNT has the highest thermal
conductivity at all temperatures. By comparing the phonon transport properties of GNTs with CNTs, we
find that as the fraction of acetylene bonds in the atomic network increases, the population of high-
energy optical phonons increases. This enhances phonon-phonon scattering, and reduces the mean
free path, adversely affecting the thermal conductivity of GNTs relative to CNTs. Also reducing the
thermal conductivity of GNTs relative to CNTs is the considerably lower acoustic phonon group velocities
for the former as well as the lower volumetric heat capacity of GNTs. Optical phonons in a-GNT are high
in energy (0.26 eV) with a high population number, making them more energetic than the electronic
direct band gap and significantly more energetic than the thermal energy at room temperature.
Therefore, we suggest o-GNT as a potential candidate for phonovoltaic energy conversion applications.

Phonovoltaic

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, there has been increasing interest in studying the
thermal properties of materials, driven by both industrial demand
and the desire for better fundamental understanding of conduc-
tivity mechanisms. In particular, heat dissipation in nanoscale
electronic devices has necessitated a search for new heat con-
ducting materials for future progress in electronics [1—3]. Another
major body of research is the search for high figure-of-merit ther-
moelectric materials [4,5], and materials for novel energy conver-
sion techniques, such as thermophotovoltaic [6,7], thermal
bandgap [8], and phonovoltaic [9], which further motivates the
study of thermal and electronic transport.

Carbon-based materials, with their multitude of allotropes, offer
unique thermal and electronic properties which are of interest in
electronics and thermoelectric applications [10,11]. Among these
allotropes, graphene in the form of both two-dimensional sheets
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and carbon nanotubes has demonstrated an extremely large
intrinsic thermal conductivity. Numerous empirical studies have
been carried out to evaluate the temperature-dependent thermal
conductivity of carbon nanotubes, which depends strongly on
nanotube length, diameter and chirality [12]. Some experimental
studies have reported thermal conductivities of
3000—3500 W m~! K~! for individual single (SWNT) and multiwall
carbon nanotubes (MWNTs) [13—15], which exceeds that of dia-
mond at room temperature. Li. et al. have reported an experimental
value of 2400 W m~! K~ for a SWNT with 1.8 nm diameter and
20.5 pm length [16]. Ref [12] lists experimental measurements of
thermal conductivities for SWNTs at room temperature ranging
from 300 to 13350 W m~! K~! depending on nanotube length,
diameter and measurement method.

In addition to experimental studies, molecular dynamics simu-
lations are nowadays used to determine the thermal transport
properties of carbon-based materials. Classical MD simulations do
not include the electronic contributions to thermal conductivity.
However, since the phonon contribution to the thermal conduc-
tivity of carbon nanotubes is dominant at all temperatures [17—20],
neglecting the electronic effect can be justified. In addition, MD
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simulations provide atomistic information, which can be used for
detailed analysis of spectral dependence of phonon transport in
materials [21], and to determine the dominant modes of heat
transfer at each condition. Numerous such studies using different
classical MD techniques including those based on the Green-Kubo
relationship [18,22,23], as well as non-equilibrium MD (NEMD)
[24—26], reverse NEMD (RNEMD) [27—29], and homogenous
NEMD (HNEMD) [30,31] simulations have been carried out to
determine the thermal conductivity of carbon nanotubes and other
carbon based materials.

Overall, the temperature dependence of thermal conductivity in
CNTs is divided into two regimes with a peak in thermal conduc-
tivity occurring at around 300 K [22,32]. In the high temperature
regime, the thermal conductivity decreases with increasing tem-
perature due to Umklapp scattering. In the low temperature
regime, Umklapp scattering is suppressed and inelastic phonon
scattering occurs mostly due to fixed system boundaries. Therefore,
the phonon relaxation time remains constant, and thermal con-
ductivity demonstrates the same temperature dependence as heat
capacity, which is a monotonic increase with temperature.

First suggested by Ref. [33], graphyne is a class of graphene al-
lotropes which contains carbon triple bonds. Its atomic structure
has three main symmetric types; a, B, ¥ graphyne (structures are
shown in Fig. 1) with 33.3%, 28.6%, and 20.0% carbon triple bonds
respectively. Similar to CNTs, graphyne nanotubes can be formed by
rolling up the graphyne sheet into cylinders. The thermal transport
properties of graphyne nanotubes (GNTs) have been far less
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investigated to date. A number of MD calculations have determined
the thermal conductivity of graphyne sheets and nanostructures.
For example, Zhang et al. [28] have performed NEMD simulations to
determine the thermal conductivity of graphene and y-graphyne
sheets in the temperature range of 200—800 K. They showed that as
the temperature increases the thermal conductivity decreases
monotonically. They reported that the acetylenic bonds in y-
graphyne cause a significant reduction in thermal conductivity in
comparison to graphene sheets, mainly due to the low atom density
and weak C—C bonds in the graphyne structure. In addition, a
strong directional anisotropy in the thermal conductivity of
graphyne sheets was reported. Pan et al. [34] carried out NEMD
simulations of y-graphyne nanoribbons at various temperatures
and reported a strong orientation dependence in thermal conduc-
tivity. They also found a higher value of thermal conductivity for
armchair y-graphyne nanoribbon than for the zigzag forms. This
was attributed to more phonon transport channels and higher
phonon group velocity in armchair y-graphyne nanoribbon over
the whole frequency range, relative to the other forms. It was also
shown as the temperature rises from 200 K to 800 K, the thermal
conductivity decreases [34]. Hu et al. [35] performed NEMD sim-
ulations on a perfect y-graphyne nanotube (y-GNT), and reported
an extremely low thermal conductivity (below 10 W/m K at room
temperature), which they attributed to the atomic structure of y
graphyne, which consists of weak acetylenic bonds and strong
hexagonal (sp> C—C) bonds, which have a large vibrational
mismatch. They indicated that, because of the large number of
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Fig. 1. Schematic representation of: (a) graphene sheet, armchair CNT, and zigzag CNT, (b) ¢-graphyne sheet, armchair o-GNT, zigzag «-GNT, (c) f-graphyne sheet, armchair B-GNT,

zigzag B-GNT, (d) y-

graphyne sheet, armchair y-GNT, zigzag y-GNT. Unit cells are enclosed in dashed lines. (A colour version of this figure can be viewed online.)
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acetylenic bonds, the thermal transport in GNTs is dominated by
low frequency longitudinal modes [35].

In the current study, we employ MD simulations utilizing
Green-Kubo method to explore thermal transport properties of a, 3,
and y-GNTs in both zigzag (n, 0) and armchair (n, n) forms in the
temperature range of 50 K—400 K. Phonon dispersion relations of
each type of nanotubes are calculated and used to determine
phonon transport parameters such as spectral phonon relaxation
times, mean free path, and group velocity. Comparing these pa-
rameters to those of CNTs, the role of acetylenic bond on the
phonon transport properties of carbon nanotubes is determined.
This is the first study that calculates the effect of nanotube's
chirality and temperature on the thermal conductivity of different
phases of GNTs. It is also the first to derive phonon dispersion
curves for GNTs and describe the trends in thermal conductivity
based on underlying phonon transport mechanism. In addition,
based on the phonon and electronic band structures, the potential
application of GNTs for phonovoltaic energy conversion is sug-
gested [9].

2. Computational method

CNT and GNT structures, depicted in Fig. 1, are modeled with a
length of 50 nm and a diameter of ~1.56 nm. This diameter is
appropriate for index numbers of (11, 11), (19, 0) for arm and zigzag
CNTs, respectively; similarly for index numbers of (4, 4), (7, 0), for a.-
GNT; (4, 4), (7, 0), for B-GNTs; and (3, 3), (5, 0) y-GNT. In Table 1, the
lattice constants, carbon bond lengths, and the exact dimensions of
the modeled nanotubes are reported. There are two types of C—C
bonds in o and B graphyne, which have different lengths. The
lengths of first type of the C—C bonds, which is present in all the
modeled GNTs and CNTs, are within a narrow range of
1.405+0.015nm.

The thermal conductivity of CNTs and GNTs is determined from
molecular dynamics simulations using the heat flux auto-
correlation function. By means of the Green-Kubo equation
within linear response theory, the thermal conductivity can be
calculated as [22,36,37]:

= v 7
1—3h%m!U©Jmmt M

where K is the thermal conductivity tensor, V is the system volume,
kg is the Boltzmann constant, and Ty;p molecular dynamics tem-
perature. The heat flux auto-correlation function is contained within
the brackets. The heat flux vector J used in Eq. (1) is defined as:

]:“I/{Xi:eivizizsi'yi} (2)

Table 1

Nanotube geometry and structure dimensions of modeled nanotubes. L and D are
nanotube length and diameter, o is the lattice constant. dsj, ds», and d; are lengths of
first type of C—C bond, second type of C—C bond and triple bond, respectively.

Structure L (nm) D (A) o (A) ds1 (A) dsz (A) de (A)
GNT a-arm 50 15.40 6.98 1.40 — 1.23
GNT a-zig 50 15.56 6.98 1.40 — 1.23
GNT B-arm 50 15.72 9.50 1.39 1.46 1.23
GNT B-zig 50 15.13 9.50 1.39 1.46 1.23
GNT y-arm 50 15.19 6.88 141 1.42 1.22
GNT y-zig 50 15.34 6.88 141 1.42 1.22
CNT arm 50 14.92 2.46 1.42 - -
CNT zig 50 14.88 2.46 1.42 — —

where v; is the velocity vector. The energy of atom i (e;j) is given as
the sum of potential energy and kinetic energy (Eq. (3)) and S; in the
second term is the symmetric per atom stress tensor, which has
nine components for each atom. In its general form, this stress
tensor includes terms for the kinetic energy contribution, pairwise
energy contribution caused by the interaction of atom i and
neighbor atoms, and long range Coulombic interactions. For a more
detailed description of the stress tensor, refer to ref. [38]. It is
important to notice that the kinetic term of the stress tensor is
excluded for all the simulations.

1
ei = omill* + Uj (3)

The potential energy of atom i (U;) depends upon the form of the
interaction potential (including bonded and non—bonded in-
teractions) employed in the simulations [39]. In all the simulations
the second-generation reactive empirical bond order (REBO) po-
tential is used to model the bonded carbon-carbon interactions. A
cutoff distance of 0.6 nm is used for van der Waals and electrostatic
interactions. Time integrations of the equations of motion are car-
ried out using the velocity-Verlet integrator. Periodic boundary
conditions are applied in all directions of the computational
domain. At each simulation temperature, the system is first equil-
ibrated for 1 ns at constant volume and temperature using the
Nosé—Hoover thermostat to control the temperature. The equili-
bration step is followed by a 20 ns run in the microcanonical
ensemble to collect data to calculate the thermal conductivity. A
time step of 1 fs is used, for both equilibration and data collection
runs. All simulations are performed with LAMMPS package [40].

3. Results and discussion

3.1. Thermal conductivity

The thermal conductivity tensor, K, is obtained at each MD
temperature for CNTs and GNTS. Longitudinal thermal conductiv-
ities (Kz;) values are shown in Fig. 2(a). As can be seen, except for
the B-GNT-armchair, which shows a clear peak at 75 K, the thermal
conductivity values decrease with increasing MD temperature. The
longitudinal thermal conductivity is significantly lower for GNTs
than for CNTs. Among GNTs, the y-GNT shows the highest thermal
conductivity at all temperatures. The thermal conductivities of a-
GNT and B-GNT are close to each other over the whole temperature
range. No significant differences in thermal conductivity are
observed between CNT and y-GNT armchair and their corre-
sponding zigzag nanotubes over the whole temperature range. At
Tyvp < 200 K, in the case of a-GNT, the armchair type shows higher
thermal conductivity, while in case of B-GNT, the zigzag type shows
higher thermal conductivity.

As will be discussed in Section 3.4, the Debye temperature for all
the nanotubes are within or higher than the MD temperature range
(50—400 °C) here, which necessitates correction of the MD calcu-
lations in order to include the quantum effects. Fig. 2(b) depicts the
quantum-corrected thermal conductivity, which shows peak values
at 75 °C, 75 °C, 100 °C, and 350 °C for a, B, v-GNTs, and CNTs
respectively.

Using Eq. (4), which gives the phonon contribution to thermal
conductivity, the trends in thermal conductivity can be explained
based on phonon heat capacity, Cph, group velocity, u, and relaxa-
tion time, 7, or equivalently heat capacity, group velocity, and mean
free path 4, which is integrated over the entire range of phonon
frequency v. The parameters in Eq. (4) must be obtained from the
phonon density of states and dispersion relations, which are dis-
cussed in following sections.
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Fig. 2. Longitudinal thermal conductivity (K;,) of CNTs and GNTs based on MD simulations: (a) uncorrected MD thermal conductivity (b) quantum-corrected thermal conductivity,

as described in Section 3.4. (A colour version of this figure can be viewed online.)

Vmax Vmax

Ky = / Cop U2T dv = /

Cph u; Adv (4)

o
o

3.2. Phonon density of state

The total longitudinal phonon density of states (DOS) is calcu-
lated for nanotubes at each temperature by taking the Fourier
transform of the velocity autocorrelation function on each atom in
the system, as shown in Eq. (5).

m

N .
D) = i 2 [ et g v 0))ae (5)

where the subscript “z” denotes the z direction, in which the
nanotube is aligned, m is the atomic mass, N is the total number of
atoms, o is the phonon angular frequency, and vz is velocity
component in direction z of atom j. Fig. 3 illustrates the longitudinal
phonon DOS for CNTs and GNTs at different MD temperatures. The
DOS of armchair CNT is well defined in the literature and shows a
strong peak at 48 THz (~1600 cm~!) and a weaker peak at around
20 THz which are attributed to sp® bonding networks stretching
and bending modes [41—43]. As can be seen, the total DOS of all
GNTs demonstrate two peaks at around 48 THz and 64 THz, which
can be attributed to the stretching of C—C (i.e. carbon-carbon bond
with partial double bond character), and C=C bonds respectively.
There is also a peak at 33 THz for o and B-GNTs, which can be
attributed to the interaction or combined stretching of two C—C and

“1/2
1+}+V21> , at the
c-C

one C=C bonds in series, Vcompined = <u2 -
c-C c=C

edge of graphyne hexagons.

By comparing the total DOS of GNTs and CNTs it was observed
that as the percentage of carbon triple bonds in the structure in-
creases, a larger number of high-energy phonon modes become
available due to the dominance of the higher stretching frequency
of carbon triple bonds. In addition, based on the Bose-Einstein
distribution, as the temperature increases more high-energy
modes become occupied, resulting in more scattering events and
a broadening of characteristic peaks in DOS.

3.3. Phonon dispersion relation and relaxation time

The phonon dispersion relations are obtained for longitudinal,
transverse, torsional, and radial modes as follows. In the first step,
the normal mode amplitude, A(k, p, t), is calculated by converting
the atomic trajectories obtained from MD to the reciprocal space as
shown in Eq. (6).

N .
Ak.p,t) = Z(rj(t) — 1gj)-Pj(k, p)~e7'k'r°j (6)
j=1

where rj(t) is instantaneous position of atom j, ro; its lattice posi-
tion, and Pj the corresponding polarization vector. The phonon
dispersion (k-w) curves are obtained by transforming the normal
mode autocorrelation function into the frequency domain and
recording the dominant phonon frequency at each wave vector k.
Fig. 3 illustrates the dispersion curves of armchair GNTs and CNTs
along with the phonon density of states at a number of MD tem-
peratures, and Fig. 4 shows similar data for zigzag CNTs and GNTs.
As can be seen in Figs. 3 and 4, the phonon dispersion is found to be
linear for all tubes, which contrasts with that for graphene sheets.
Based on elasticity theory, non-linear (parabolic) flexural modes
are known to exist in graphene and nanotubes [44]. Ref. [45] dis-
cusses emergence of parabolic flexural mode in relation to the rigid
rotational invariance of potentials such as the Brenner type used in
the numerical study. Although the transverse bands are seen here
to exhibit a linear dependence with wave vector, for very small
values of k (for very small frequencies), they do bend slightly. This
could be consistent with parabolic behavior [46], but numerical
errors cannot be fully ruled out. Compared with CNTs, GNTs
demonstrate a considerably lower acoustic branch frequency at the
edges of the Brillouin zone and lower slope ‘;—‘;{’ at the gamma high
symmetry point (i.e. lower phonon group velocity) at all polariza-
tions. Table 2 lists values of phonon group velocities at different
polarizations, which demonstrates that among GNTs, y-GNT has
the highest phonon group velocity at all polarizations for both
zigzag and armchair nanotubes.

The frequency-dependent phonon relaxation times were
calculated using the normal mode amplitude autocorrelation
function. ACF(A(k, p, t)) demonstrates an exponential decay with a
time constant given by the phonon relaxation time t [21]. It is
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Fig. 3. Phonon dispersion relations and total phonon density of states at different temperatures for (a) (11, 11) armchair-CNT (b) armchair «-GNT (c) armchair B-GNT, and (d)

armchair y-GNT. (A colour version of this figure can be viewed online.)

noteworthy that the phonon relaxation times obtained from MD
simulations include third and higher order phonon-phonon scat-
tering, and do not distinguish between normal and Umklapp
scattering and reflect a combined phonon-phonon scattering pro-
cess. Fig. 5 illustrates LA phonon relaxation times as a function of
frequency for all the modeled nanotubes. It can be seen that GNTs
have considerably lower LA phonon relaxation times than CNTs. In
addition, in all the cases considered the phonon relaxation time
decreases with increasing frequency. This observation is consistent
with previous studies, where a non-monotonic decrease of relax-
ation time with frequency was reported for other materials such as
silicon and solid [21,47,48], indicating that higher frequency pho-
nons are more dispersive. The dependence of relaxation time on
frequency can be modeled with a power law form 7oy~ ", The re-
sults show the following general trend in the order of dependence
of LA phonon relaxation time on frequency for different nanotubes:
M o-GNT > 1 B-GNT > 1 y-GNT > Tl CNT-

The phonon mean free path in polarization i can be obtained
using the phonon group velocity and relaxation time based on the
relation: A;(k) = u;(k)-7;(k). Fig. 6 depicts the acoustic phonon
mean free path at different polarizations and temperatures for
GNTs and CNTs. Compared with CNTs, GNTs demonstrate signifi-
cantly lower MFPs at all polarizations. Among GNTs, by increasing
the fraction of carbon triple bonds the MFP decreases and a-GNT,
with the highest fraction of carbon triple bonds, has the lowest
MEFP. This can be attributed to more dispersive high frequency
phonons which result in shorter relaxation times [21], as well as a
lower phonon group velocity (as indicated in Table 2).

It can be seen that due to the significantly shorter MFP
compared to the length of the nanotube, o and f-GNTs are oper-
ating in the diffusive transport regime at all the MD temperatures
for the length of nanotube considered here (i.e. 50 nm). This is not
the case for y-GNT and CNTs, which have MFP values comparable to
the nanotube length at mid to lower temperatures, which is an
indication of ballistic or ballistic-diffusive transport. To determine
the exact point of transition from ballistic to diffusive transport
requires a change in the length of the simulated system. Never-
theless, in the case of CNTs, the presented results are in agreement
with previous studies [49,50], which indicate ballistic transport in
the mid to lower temperature range for the length of nanotubes
considered here.

3.4. Quantum correction

Since quantum effects, which are neglected in classical MD
calculation, are important at temperatures lower than Debye
temperature, the MD calculations need to be quantum corrected at
these temperatures [51,52]. We start by calculating the Debye
temperature for each of the nanotubes, using the number of modes
in an acoustic branch, which is equal to the number of primitive
cells in the domain as shown in Eq. (7) [53].

Up
m=N V [ Do) v (7)
0
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colour version of this figure can be viewed online.)

Table 2
Phonon group velocities, Debye temperatures, and molar density of simulated
nanotubes.

Nanotube type Cia (kms™!) Cra (kms™!) Cron (kms~!) Tp (K) p (mollit™1)

GNT o-arm 9.83 2.36 3.92 160.79 89.2

GNT a-zig 10.73 3.99 3.86 241.63 883

GNT B-arm 14.22 6.33 4.72 279.27 109.2
GNT pB-zig 14.50 3.66 6.52 205.65 110.0
GNT y-arm 16.09 3.21 6.06 226.06 141.7
GNT y-zig 15.29 445 8.98 313.67 141.7
CNT arm 26.23 7.17 12.68 468.55 191.7
CNT zig 26.23 8.03 11.34 509.85 192.5

The total density of states based on the Debye model, Dpep,¢or, fOr
four acoustic branches, including 1 longitudinal acoustic (LA), 2
degenerate transverse acoustic (TA), and 1 torsional acoustic (ToA)
[22], can be obtained from Eq. (8) by assuming linear dispersion
curves (i.e. w = Cgyk).

202
Dpep.tor (V) = —5~
av
(8)
g1 1.2 1
33 T3t
Ug Uia  Ua  UToa

The Debye temperature, Tp, can be evaluated by evaluating the
integral of Eq. (7) using the density of states obtained in Eq. (8), as

12
g
;10 [ o-GNT arm
E a-GNT zig
c 8 r B-GNT arm
-% B-GNT zig
E 6 | y-GNT arm
L y-GNT zig
S a CNT arm
C
9]
a
< 27
-

0

0.0 1.0 2.0 3.0 4.0

Frequency (THz)

Fig. 5. LA phonon relaxation time as a function of frequency. (A colour version of this
figure can be viewed online.)

shown in Eq. (9).
bp = 3ui M
4V

The LA, TA, and ToA group velocities, as well as the Debye
temperatures for each nanotube are listed in Table 2. For all cases,

1/3
_ kgTp
o (9)
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the Debye temperature is within or higher than the MD tempera-
ture range, which necessitates the quantum correction. The Debye
temperature values for CNTs are comparable with the values re-
ported of 473 [22], 475 [54], and 580 [55]. Also, it can be seen that
the Debye temperature of GNTs are significantly less than CNTs,
which is due to lower atomic network density and average group

velocity. Therefore, compared to CNTs, which need consideration of
quantum effects even at room temperature [12], GNTs are less
prone to quantum effects at room temperature.

The quantum temperature, T, is calculated by equating the total
system energy at Typ to the total phonon energy at T using the
Debye model for density of states as shown in Eq. (10) [52]. The
relation between Typ and T obtained from this equation is shown in
supplementary information (Fig. S1), which indicates deviation of
Tyvp from T at low temperatures and approaching the T value at
high temperatures.

Up
1 1
E—3ks TMD/dv hy DDeb_wt(v)< - +> (10)
. T 2
esT — 1
0
Using the chain rule, the thermal conductivity obtained from
MD calculations can be quantum corrected by multiplying to dTyp/
dT [56]. Fig. 2 (b) illustrates the corrected values of the longitudinal
thermal conductivity.

3.5. Phonon specific heat

The specific heat in carbon nanotubes is dominated by the
phonon contribution Cpp. Cpp can be calculated by taking the de-
rivative of total energy using the total density of states Dyp, ot in-
tegrated over a wide range of frequencies as shown in Eq. (11)
[20,52].

Umax
OE 0 hv dv
Gon = [ﬁ}v = a7 ( / Dyp - tor (V) o 1)
0
Umax

hu \ 2 eThy d
= / kB(lel}) DMD-tot(U)# (11)
0

(-1

Molar heat capacities for all the nanotubes fall in a narrow range
as shown in Fig. 7 (a), with a, B, and y-GNTs having the highest
values respectively and CNTs having noticeably lower values. As
observed in Figs. 3 and 4, nanotubes with a larger percentage of
C=C bonds have a larger number of high-energy modes, which
contribute to larger values of the heat capacity.

Based on Eq. (4), the thermal conductivity is proportional to the
volumetric heat capacity, which is shown in Fig. 7 (b). CNTs have
considerably higher volumetric heat capacity than do GNTs; among
GNTs, v, B, and a-GNTs have successively smaller molar heat ca-
pacities. Since the molar heat capacity values are within a narrow
range, the volumetric heat capacity is mainly a function of atomic
network density of nanotubes. Therefore, atomic network density is
one of the main contributing factors to the difference in thermal
conductivity of different GNTs and CNTs. The molar densities (p),
calculated based on a ring with a van der Waals thickness of 3.4 A
[57], are listed in Table 2, which shows considerably higher values
for CNTs than for GNTs.

4. Potential applications for energy conversion:
phonovoltaics

The phonon transport properties of GNTs, their high-energy
optical phonons and relatively low thermal conductivities, sug-
gest potential uses of GNTs in energy conversion applications. Here
we focus on potential applications of GNTs in phonovolatic devices.
First suggested by C. Melnick and M. Kaviani [9], phonovoltaic de-
vices harvest nonequilibrium optical phonons (Ep,0) more energetic
than the band gap (4Eg) to generate electron-hole pairs, which are
then separated in a p-n junction. A potential phonovoltaic material
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Fig. 7. (a) Molar and (b) volumetric phonon heat capacity of GNTs and CNTs. (A colour version of this figure can be viewed online.)

satisfies E, o=AEyg>> kgT, and has a strong interband electron-
phonon coupling. In addition, graphyne sheets and GNTs have
already been shown to have a high thermoelectric figure of merit,
due to lower thermal conductivity and considerably higher Seebeck
coefficient than graphene, making the former the preferred mate-
rials for thermoelectric power generation [58—61].

The electronic band structure, obtained from first-principle
density-functional calculations in Ref. [62], indicates that 4E; =
0 for a- and B-graphyne sheets. For y-GNT, the band gap of 0.471 eV
is higher than the maximum optical phonon energy (~0.26 eV),
which is undesirable for phonovoltaic applications. However, it has
been shown that rolling a sheet of a-graphyne into a a-GNT opens
up a band gap that can be tuned by varying the diameter of the
nanotube [63]. As can be seen in Fig. 8 (a), the band gap of armchair
a-GNT is too low compared to Ep, o ~0.26 eV, whereas the band gap
of zigzag a-GNT can be precisely tuned to the range of optical
phonon energy of zigzag «-GNT by varying the GNT diameter. In
Fig. 8 (b) the band structure of three zigzag o-GNT candidates with
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diameters of 1.56 nm, 2.22 nm, and 2.89 nm (corresponding to
indices of (7, 0), (10, 0), and (13, 0) respectively) are shown along
with the high-energy optical phonon dispersion curves, and total
phonon density of states. It can be seen that for two cases of
D =2.22 nm and 2.89 nm the requirements Ej, o = AE, > kgT for a
phonoelectric material are completely met, and the optical pho-
nons, at ~0.26 eV generated by carbon triple bonds, can excite the
direct band gap and is one order of magnitude higher than the
thermal energy at 300 K. In the case of D = 2.89 mm, the highly
populated optical phonons at ~0.20 eV can also excite the bandgap,
indicating that a considerable portion of optical phonons can be
potentially be harvested in a phonovoltaic device. Based on the
electron and phonon band structures and high population number
of high-energy optical phonons, the zigzag a-GNT is suggested as a
potential candidate for phonovoltaic applications. However, further
analysis is required to determine the role of electron phonon-
coupling in such GNT structures where the phonovoltaic energy
conversion is energetically favorable.
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Fig. 8. (a) Band gap of zigzag and armchair a-GNTs as a function of nanotube diameter, from Ref. [63] and (b) The dashed lines show the band structure of three zigzag «-GNTs with
diameters of 1.56 nm, 2.22 nm, and 2.89 nm, from Ref. [63]. The high-energy optical phonon dispersion curves of zigzag a-GNTs with diameter of 2.22 nm are shown with blue lines,
and the corresponding phonon density of states are shown on the right plot. (A colour version of this figure can be viewed online.)
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5. Conclusion

Using molecular dynamics simulations, along with quantum
corrections, the role of carbon triple bonds in thermal transport
properties of carbon and graphyne nanotubes has been deter-
mined. Based on the phonon density of states in Figs. 3 and 4, more
high-energy optical phonons modes become available with
increasing percentage of carbon triple bonds. As indicated by Fig. 5,
addition of these high-energy optical phonons increases the
phonon-phonon scattering and leads to shorter acoustic phonon
relaxation times. In addition, the LA and ToA phonon group ve-
locities demonstrate a monotonic decrease, and the TA mode shows
a non-monotonic decrease with increasing percentage of carbon
triple bonds. This, in conjunction with shorter phonon relaxation
time, leads to a shorter mean free path (as indicated in Fig. 6) for
nanotubes such as ¢-GNTs with more triple bonds. Moreover, the
molar phonon heat capacity slightly increases due to higher occu-
pation number of high-energy phonons. On the other hand, the
volumetric phonon heat capacity significantly decreases with
increasing numbers of triple bonds due to a decrease in the atomic
network density, which contributes to the decrease in thermal
conductivity.

We concluded that the thermal conductivity of GNTs are
considerably lower than CNTs, and among GNTs, o and B-GNT
demonstrates noticeably lower thermal conductivities compared to
v-GNT due to the following reasons: (1) A Significantly lower
acoustic group velocity (2) shorter phonon relaxation times and
acoustic phonon mean free path, and (3) lower volumetric phonon
heat capacity. In addition, o-GNT demonstrates the highest popu-
lation of high-energy (0.26 eV) optical phonons, which are signif-
icantly more energetic than the thermal energy at room
temperature. The band gap of zigzag «-GNT can be tuned to harvest
the energy of these optical phonons. Based on the electronic and
phonon band structure, the (10, 0) and (13, 0) o-GNTs are suggested
as potential phonovoltaic energy conversion materials. Future
study is encouraged to determine the role of electron phonon-
coupling in such GNT structures where the phonovoltaic energy
conversion is energetically favorable.
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Nomenclature

c-C Carbon-carbon bond with partial double bound character
c=C Carbon-carbon triple bond
LA Longitudinal acoustic

LO Longitudinal optic

TA Transverse acoustic

TO Transverse optic

ToA Torsional acoustic

ToO Torsional optic

RBM Radial breathing mode

L Nanotube length

D Nanotube diameter

t Time

K;j Thermal conductivity tensor

74 System volume

kg Boltzmann constant

Tvip Molecular dynamics temperature
] Heat flux vector

e Total energy of atom i

Si Stress tensor of atom i

Vi Velocity vector of atom i

Vji Velocity in direction j of atom i

Gon Phonon heat capacity

u; Phonon group velocity in direction i
ACF Autocorrelation function

T Phonon relaxation time

A Phonon mean free path

D; Density of state for phonon mode i
N Total number of atoms

M Number of primitive cells in the computational domain
n Number of atoms in primitive cell
©® Phonon angular frequency

v Phonon frequency

A Normal mode amplitude

k Wave vector

p Polarization

T Position of atom i

o i Lattice position of atom i

P; Polarization vector of atom i

Up Debye frequency

Tp Debye temperature

Ugy Average phonon group velocity

h Planck constant

Dpebtor  Density of states based on Debye model
E Total energy

D; Density of state in polarization i
Epo Optical phonon energy

AEg Band gap
Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.carbon.2017.07.093.
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